The risk of knee osteoarthritis (OA) dramatically increases after anterior cruciate ligament (ACL) reconstruction (ACLR). 3, 13, 29 Patients with ACL injury experience higher rates of knee OA at much younger ages compared with noninjured individuals. 40 The hallmark osteoarthritic symptom of pain may be absent at the onset of knee OA, 23, 41 while the presence of chronic knee pain in younger individuals is not well associated with radiographic OA. 18, 40 Patient-reported outcomes of knee function are also poor discriminators for the presence of knee OA after ACL injury and ACLR. 23, 41 Thus, the initial development and progression of OA after ACL injury can be difficult to predict and detect without the use of routine imaging. Evidence of altered biomechanics has been demonstrated early after ACL injury and ACLR, 44, 57 and abnormal joint loading is a key mechanism that may contribute to the early development of OA. Identifying a link between joint loading and OA is a critical step in better understanding and possibly preventing early-onset knee joint OA.
Common surrogate measures of knee joint loading are frontal and sagittal plane knee moments. Higher external knee moments have been associated with the presence and severity of idiopathic knee OA in older populations. 12, 32, 33, 37 However, external knee adduction and flexion moments have been reported to be lower in the limb at risk for OA after ACLR. 50, 54, 57 Although it is clear that knee kinetics are altered after ACL injury and ACLR, there is a lack of information about the effect of abnormal biomechanics on the later development of OA.
The external knee adduction moment is widely used as an indicator of knee joint loading of the medial tibiofemoral compartment. 10, 12, 32, 33, 37, 58 The knee adduction moment before ACLR has not been well characterized, while values higher than, equal to, and lower than the contralateral knee and healthy controls have been reported at varying points in time after ACLR. 5, 39, 48, [51] [52] [53] 57 Conflicting reports of the knee adduction moment after surgery may be due to longitudinal changes in frontal plane kinetics after ACLR. 52 Patients initially walk with decreased external knee flexion moments after ACL injury. 16, 28, 43, 44, 54 However, it is unclear how long these alterations persist after ACLR. 24, 42, 52, 53 As with the knee adduction moment, it is not well understood whether unresolved alterations in the knee flexion moment after ACL injury and ACLR are detrimental to long-term knee joint health.
Knee joint contact forces estimated by use of musculoskeletal models are another method to quantify knee joint loading. Models incorporating electromyographic (EMG) data may provide a more comprehensive understanding of the knee's loading environment after ACL injury than do joint moments alone, because these models can incorporate the contribution of muscular co-contraction in the estimation of joint contact forces. 4, 56 Patients walk with asymmetric knee joint contact forces after ACL injury, 15 and some demonstrate persistent asymmetries 6 months after ACLR.
14 However, it is unknown whether these abnormal loading patterns precede early-onset knee OA.
The purpose of this study was to determine whether knee joint moments and contact forces early after injury and ACLR were associated with radiographic knee OA 5 years after surgery. Drawing from previous work that demonstrated lower knee joint kinetics, 16, 28, 43, 44, 54, 57 muscle forces, 16 and joint contact forces 15 after ACL injury, we hypothesized that altered knee frontal and sagittal plane kinetics and medial compartment contact forces initially after injury and ACLR would be associated with medial compartment knee OA 5 years after ACLR.
METHODS Subjects
Twenty-two subjects between the ages of 14 and 51 years with complete, unilateral ACL injury within the previous 7 months were included in this study as part of a larger randomized controlled trial of 55 patients. 20 All patients were regular participants in International Knee Documentation Committee activity level I or II cutting and pivoting activities 7, 21 before injury and demonstrated dynamic knee instability after injury (noncopers). 11 Exclusion criteria included concomitant repairable meniscus injuries, grade III injury to other knee ligaments, and full-thickness articular cartilage lesion larger than 1 cm 2 diagnosed before ACLR or contralateral ACL injury after initial ACLR.
Patients were enrolled in this study after effusion, range of motion (ROM), pain, and obvious gait impairments were resolved by use of the physical therapy protocol described by Hurd et al. 26 Study approval was granted by the institutional review board at the University of Delaware, and all patients provided written informed consent. After study enrollment, patients received additional preoperative rehabilitation to further restore lower extremity strength and neuromuscular control. 20 All patients underwent ACLR by a single, board-certified orthopaedic surgeon using either a 4-bundle semitendinosus-gracilis autograft or soft tissue allograft with a medial and lateral portal and medial parapatellar tendon incision. No surgical procedures were performed on any additional ligamentous knee structures. Patients completed progressive, criterion-based postoperative rehabilitation early after surgery. 1 
Testing
Testing consisted of gait analysis with EMG at 5 time points: (1) preoperatively after rehabilitation to resolve effusion, ROM, pain, and obvious gait impairments (baseline); (2) immediately after 10 sessions of additional preoperative rehabilitation (posttraining); (3) 6 months after ACLR after criterion-based rehabilitation (6 months); (4) 1 year after ACLR; and (5) 2 years after ACLR.
Gait analysis was completed by use of an 8-camera system (VICON; Oxford Metrics Ltd) sampled at 120 Hz and 1 force platform (Bertec Corp) sampled at 1080 Hz. Retroreflective markers were placed on bony landmarks at each lower extremity, with rigid shells containing markers placed at the pelvis, thighs, and shanks. 16 Patients walked at self-selected speed, which was maintained (65%) throughout the testing session and subsequent testing sessions. Stance phase joint angles and moments were calculated by use of inverse dynamics within commercial software (Visual 3D; C-Motion). Moments were normalized to mass (kilograms) and height (meters). Variables of interest included the peak external knee adduction moment, external knee adduction moment impulse during stance phase, and peak external knee flexion moment. Differences between limbs were calculated for each kinetic measure (involved minus uninvolved).
Surface EMG was collected at 1080 Hz (MA-300 EMG System; Motion Lab Systems) for 7 muscles on each limb (rectus femoris, medial and lateral vasti, semitendinosus, long head of biceps femoris, and medial and lateral gastrocnemii). Patients completed maximal voluntary isometric contractions for each muscle group to normalize EMG amplitude during subsequent walking trials. Raw EMG data were high-pass filtered (second-order Butterworth, 30 Hz), rectified, and then low-pass filtered (second-order Butterworth, 6 Hz), creating a linear envelope for maximal voluntary isometric contractions and walking trials.
EMG-Driven Modeling
Gait analysis and surface EMG data served as inputs to a musculoskeletal model 16, 36 for the estimation of joint contact forces. This model has demonstrated good repeatability 15 and high accuracy when validated by use of in vivo contact force data recorded from an instrumented knee prosthesis. 36 In addition, sensitivity analyses conducted on varying experimental inputs to the model have demonstrated that interlimb differences in peak contact forces found within this study are much larger than estimated potential error. 15 Contact forces for 10 of these patients were included in the primary analyses of knee joint contact forces after acute ACL injury (''baseline'' time point [Gardinier et al 16 ] ) and after ACLR (''6 months'' time point [Gardinier et al 16 ] ). The EMG-driven model of the knee included an anatomic model that characterizes the musculoskeletal geometry, 8 an activation dynamics model that characterizes the transformation of EMG (the neural signal) to muscle activation, and a contraction dynamics model that contains a Hill-type muscle model and characterizes the transformation of muscle activation to muscle force. The anatomic model contained pelvis, femur, tibia, and foot segments that were actuated by 10 muscle-tendon units and scaled according to subject anthropometry. The activation dynamics and contraction dynamics models contained adjustable muscle parameters (see Gardinier et al 16 ) that are difficult to accurately measure in vivo, including optimal muscle fiber length and tendon slack length. These parameters were adjusted during a subject-specific model calibration and were allowed to vary within physiological bounds as described previously (see Gardinier et al 16 for limits used). After the model was calibrated, muscle forces were predicted for the stance phase of 3 novel overground walking trials.
Medial compartment contact force was calculated by balancing the external knee adduction moment (expressed about the lateral compartment contact point, which was fixed at a distance of 25% of tibial plateau width from the knee joint center) with the internal adduction moments due to the muscle forces and the contact force in the medial compartment. 56 The peak medial compartment contact force occurring in the first half of stance was the discrete variable of interest for this study, and the average of 3 trials was used for analysis.
Radiographs
Weightbearing posteroanterior (PA) bent knee (30°) radiographs were completed 5 years after ACLR and graded by use of the Kellgren-Lawrence (KL) system. 30 The presence of OA was defined as a KL grade !2 in the medial compartment (graded by E.W.; between-day kappa statistic: 0.904, P \ .001; all KL grades verified by a board-certified orthopaedic surgeon). Initial radiographs after ACL injury were not obtained; however, articular cartilage lesions were assessed during arthroscopic evaluation at the time of ACLR. Two patients demonstrated chronic articular cartilage changes at the medial femoral condyle during arthroscopic evaluation during ACLR. One of these 2 patients had OA in the medial compartment at 5 years, and the other did not.
Statistical Analysis
Statistical analyses were completed with PASSW 23.0 software (SPSS Inc). Independent t tests and Fisher exact tests were performed to test differences in demographics, baseline characteristics, and concomitant injuries between patients without radiographic knee OA (nonOA group) and those with OA (OA group) in the medial compartment 5 years after ACLR. Independent t tests were used to test differences in loading measures for the involved limb between the nonOA and OA groups (peak knee adduction moment, knee adduction moment impulse, peak knee flexion moment, and peak medial compartment contact force) and interlimb differences between groups at each time point for each of these measures. Effect sizes were calculated for group differences in loading measures. 6 Previously reported minimally detectable changes were used to determine meaningful asymmetry between limbs for peak knee adduction moment (0.06 NÁm/kgÁm), peak knee flexion moment (0.09 NÁm/kgÁm), and peak medial compartment contact force (0.30 body weight [BW]). 17 Statistical significance was set at P .05.
RESULTS
In total, 22 subjects returned for radiographic testing 5 years after ACLR (15 nonOA, 7 OA) ( Figure 1 ). Of these 22 subjects, the number completing testing at each of the 5 earlier time points is described in Table 1 . A greater proportion of subjects who completed testing at 2 years who had OA at 5 years were female (nonOA: 9 males, 2 females; OA: 1 male, 4 females; P = .036). No further group differences existed for sex at other time points (Table 1) . No differences in age, mass, body mass index (BMI), preinjury activity level, time from injury to baseline, time from injury to ACLR, or graft type were present between groups (Table 1 ). The OA group walked more slowly than the nonOA group at 1 year (nonOA: 1.64 6 0.12 m/s, OA: 1.49 6 0.04 m/s; P = .035) but not at any other testing sessions ( Table 1 ). The presence of concomitant meniscal or articular cartilage injuries identified arthroscopically during ACLR did not differ between groups at any time point for all compartments of the involved knee or specifically the medial tibiofemoral compartment (Table 1) . No differences existed in additional knee injuries or surgeries sustained between the time of initial ACL injury and 5-year radiographic testing (nonOA: 1 ipsilateral retear, 1 ipsilateral partial posterior cruciate ligament tear and meniscus tear; OA: 1 ipsilateral retear) ( Table 1) .
The OA group walked with lower peak knee adduction moment than the nonOA group, with significant interlimb differences and large effect sizes present at baseline (peak knee adduction moment difference: 0.00 6 0.08 NÁm/kgÁm [nonOA] vs -0.15 6 0.09 NÁm/kgÁm [OA]; P = .014) ( Figure  2 , A and B; see also the Appendix, available online at http://ajsm.sagepub.com/supplemental). Asymmetric peak frontal plane moments improved in the OA group after preoperative rehabilitation, but significant group differences were again present at 6 months after ACLR (peak knee adduction moment difference: 0.02 6 0.04 NÁm/kgÁm [nonOA] vs -0.06 6 0.11 NÁm/kgÁm [OA]; P = .043) ( Figure  2B ). Both groups demonstrated symmetry in peak knee adduction moment at 1 and 2 years after surgery ( Figure  2B ). Large group differences for the involved limb peak knee adduction moment were present at baseline but no further time points (Figure 2A) .
Additional frontal plane group differences were present in the knee adduction moment impulse (online Appendix). At baseline, the OA group had lower knee adduction moment impulse at the involved limb than did the nonOA group (0.087 6 0.023 NÁmÁs/kgÁm [nonOA] vs 0.049 6 0.018 NÁmÁs/kgÁm [OA]; P = .023) ( Figure 2C ) and underloaded the involved limb compared with the contralateral limb (knee adduction moment impulse difference: -0.001 6 0.032 NÁmÁs/kgÁm [nonOA] vs -0.048 6 0.031 NÁmÁs/kgÁm [OA]; P = .042) with large effect sizes exhibited ( Figure 2D ). Group differences in knee adduction moment impulse were absent after preoperative rehabilitation and continued through 1 year after surgery. At 2 years, no differences at the involved limbs existed between groups in the knee adduction moment impulse, but the OA group had a significantly lower interlimb b According to International Knee Documentation Committee activity levels.
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Moved out of area n = 4 There were large differences between limbs in peak knee flexion moment for both the OA and nonOA groups Figure 2 . Mean values for involved limb and interlimb differences in kinetic measures and medial compartment contact forces between those with and without radiographic medial compartment knee osteoarthritis (OA) 5 years after anterior cruciate ligament reconstruction. Effect sizes (ES) provided. *P .05. Whiskers represent 61 standard deviation.
at baseline, with both groups demonstrating lower sagittal plane moments on their involved knee (Figure 2 , E and F, online Appendix). Large interlimb differences continued in the OA group at 6 months. However, these differences did not reach statistical significance between groups at either time point.
Large group differences in peak medial compartment contact forces of involved limbs were seen at baseline, 6 months, and 1 year, reaching statistical significance at 6 months (peak medial compartment contact force: 2.89 6 0.52 BW [nonOA] vs 2.10 6 0.69 BW [OA]; P = .036) (Figure 2G and online Appendix). Large interlimb differences were also present between groups at baseline and 6 months ( Figure 2H) . Neither involved limb peak medial compartment contact force nor interlimb differences in peak medial compartment contact force were different between groups after preoperative rehabilitation.
DISCUSSION
The purpose of this study was to determine whether loading measures before and after ACLR were associated with knee OA 5 years after surgery. Results indicate that compared with subjects without radiographic OA 5 years after surgery, those who did develop radiographic OA walked with lower moments and contact forces at the involved limb and had greater interlimb differences early after injury and ACLR. Differences were largest and statistically significant before preoperative rehabilitation and 6 months after ACLR.
The current findings are consistent with a growing body of evidence suggesting that joint unloading, not overloading, may be associated with the cascade of early degenerative changes at the knee after ACL injury.
2, 57 Koo and Andriacchi 31 suggested that healthy cartilage increases in thickness in response to higher repetitive loading during walking, whereas Koo et al (unpublished data, 2007) found that after ACL injury, joint unloading is associated with regional cartilage thinning. The lower joint moments and joint contact forces seen early after injury and ACLR in our subjects who went on to develop OA may be markers for underlying structural alterations to otherwise healthy articular cartilage before ACL injury. In our study, joint loading variables increased on the involved limb to levels similar to the nonOA group by 1 year after ACLR. Although it is unclear when early degenerative changes begin, the increase in loading at 2 years may not be tolerated if cartilage structures are already deconditioned or deteriorating. Further work is needed to determine whether the more symmetric loading present at 2 years will eventually lead to joint overloading as the degeneration progresses.
Seven of 22 patients demonstrated radiographic knee OA at 5 years after ACLR. A recent systematic review indicated that cartilage degeneration detected by magnetic resonance imaging (MRI) occurs before radiographic evidence. 47 Tibial cartilage thinning is evident on MRI as early as 4 months after isolated ACL injury, 46 and these changes persist despite ACLR. 25 The occurrence of preoperative articular cartilage changes highlights the importance of sufficient and purposeful rehabilitation before surgery. In the present study, despite resolution of knee joint effusion, ROM, pain, and obvious gait impairments, there were significant differences in frontal plane moments and also notable differences in medial compartment joint contact forces at baseline between subjects who later developed radiographic OA. All of these group differences were considerably smaller after an additional 10 rehabilitation sessions targeting further strength and neuromuscular improvements before surgery. It is likely that more subjects than the 7 in our study with radiographic OA exhibited early signs of cartilage degeneration. Weninger et al 55 reported that nearly 70% of patients demonstrated cartilage degeneration on MRI 2.8 years after ACLR but only 11% had radiographic knee OA. Early rehabilitation programs both before and after ACLR may be a primary modifiable component to restore knee biomechanics and modify the course of early-onset knee OA.
The knee adduction moment was lower in the OA group when compared with both the contralateral limb and the involved limb of the nonOA group early after injury and surgery. Previous conflicting evidence regarding whether the knee adduction moment is increased or decreased after ACLR may be a result of failing to dichotomize ACLinjured subjects by the presence of later knee OA and to consider longitudinal changes in frontal plane loading after ACL injury. Webster and colleagues 51, 52 reported a lower knee adduction moment at 10 months after ACLR compared with both the contralateral limb and healthy controls, which improved at 3 years, which is consistent with current findings within the OA group in the present study. However, Webster et al 53 reported the absence of interlimb differences in the knee adduction moment at 20 months, while our 2-year results in the OA group show large between-limb differences for both the peak knee adduction moment and knee adduction moment impulse, consistent with 26-month findings by Zabala et al. 57 Previous research has reported that between 3.5 and 5.3 years after ACLR, patients have knee adduction moment values that are greater than, equal to, and less than those of healthy controls. 5, 39, 48 Further analysis is required within our cohort to determine whether this period represents a critical time when a shift to overloading patterns becomes evident.
Significant differences in peak knee adduction moment and knee adduction moment impulse between the nonOA and OA group were present at baseline but not after preoperative rehabilitation. Subjects with OA demonstrated larger asymmetries between limbs in peak knee adduction moment and knee adduction moment impulse and lower knee adduction moment impulse on the involved limb at baseline, which normalized after rehabilitation. Meanwhile, the nonOA group walked with symmetric frontal plane moments at both points in time. Early identification of individuals at high risk of early-onset knee OA and determination of sufficient preoperative rehabilitation dosages may play a key role in curbing the unloading tendencies of certain individuals and potential pathway of irreversible knee joint OA.
Sagittal plane moments undoubtedly play a role in describing the loading environment of the knee's medial compartment. 49 Previous work has established that the peak knee flexion moment is lower both before and after ACLR. 16, 24, 28, [42] [43] [44] 54, 57 The negative interlimb differences in the peak knee flexion moment found for both the nonOA and OA groups at each time point further support this trend for involved limb unloading. Although only 7 of 22 subjects had radiographic knee OA at 5 years, the majority will likely develop radiographic knee OA within 15 years of surgery. 3 It is possible that sagittal plane moments may be associated with overall long-term risk of knee OA while frontal plane moments may better differentiate subjects at risk of earlier radiographic knee OA present within 5 years of ACLR.
Six months after ACLR, differences between groups for both involved limb peak knee flexion moment and interlimb difference in peak knee flexion moment were not statistically significant, which is not consistent with the findings of others. 24, 42 The limited sample size in our current study may have restricted achievement of significant findings. However, large effect sizes were present for both measures, suggesting that sagittal plane kinetics may also play a role in the early onset of knee OA.
Medial compartment joint contact forces estimated by use of an EMG-driven musculoskeletal model differed between subjects who did and those who did not develop radiographic knee OA at 5 years. An inherent strength of using this approach to describe the knee's loading environment is that it incorporates individual muscle activation patterns, which are known to be altered after ACL injury 28, 43, 44 in addition to joint biomechanics. The OA group walked with lower medial compartment contact forces of the involved limb and large interlimb differences at baseline and 6 months after ACLR when compared with subjects without radiographic knee OA. Large differences between groups for the involved limb contact forces also persisted at 1 year. Previous work within this cohort found that medial compartment contact forces were significantly less in the injured limb before ACLR than in the contralateral limb. 15 When these subjects were separated by the presence of knee OA at 5 years and their baseline data were analyzed, it was found that the involved medial compartment of the OA group was loaded nearly one-half BW less than the involved limb of the nonOA group at baseline. The OA group also had nearly an entire BW greater loading difference relative to the contralateral limb compared with the nonOA group at baseline. Again, these group differences were eliminated after additional preoperative rehabilitation. This relative unloading present in the OA group before and after surgery further highlights the key contributions that not only joint biomechanics but also muscle activation patterns may provide to the development of early knee OA. The more comprehensive approach undertaken by the musculoskeletal model to estimate joint loading, including the use of frontal and sagittal plane kinetics with co-contraction estimates via EMG input, may provide enhanced insight into the development of OA compared with kinetic measures alone. Further work is needed to determine whether relative contributions of muscle activation and joint biomechanics to joint contact forces differ between OA groups. Concomitant meniscus and articular cartilage injuries increase the risk of degenerative changes in the knee after ACL injury. 3, 22, 29, 34, 47 However, no subjects within either group possessed acute cartilage injury at the time of ACLR, and the proportion of meniscal injuries did not differ between subjects who did or did not go on to develop radiographic OA by 5 years. There were also no differences in the occurrence of additional knee injuries or surgery during the time from initial ACL injury to 5-year radiographic testing between those with and without OA at 5 years. The current findings do not refute previous findings regarding the increased OA risk associated with concomitant injuries. Given our findings, however, the strong association between biomechanical alterations and future knee joint degeneration can be attributed to ACL rupture independent of additional knee joint damage.
Previous studies reported that female sex increases the risk for development of primary knee OA, 38, 45 and it has been suggested that this risk factor may play a role in the risk of OA after ACL injury. 35 However, more recent studies have shown no risk factor of sex 3 and further that male patients are at higher risk of knee OA after ACL injury. 34 Of our patients who completed testing at 2 years, a larger proportion of those who went on to demonstrate OA at 5 years were female (4 females, 1 male) compared with the nonOA group (2 females, 9 males). Women are more likely than men to demonstrate dynamic knee instability after sustaining an ACL injury, 27 and within those subjects with poor dynamic stability, women demonstrate greater biomechanical asymmetries than men. 9 The altered biomechanics in individuals with poor dynamic knee stability 19, 28 may place women at higher risk of early development of OA after ACL injury.
Age, obesity, and manual labor at the time of injury are additional factors that increase the risk of developing knee OA after ACL injury but are difficult to modify. 3, 34 Clinical signs such as muscle weakness have been linked to the development of primary knee OA, but modifiable risk factors related to knee OA after ACL injury are largely unknown. 35 The identification of clinical tests and measures that relate either to underlying altered joint biomechanics or directly to the development of knee OA after ACL injury are needed to effectively screen patients at greatest risk for posttraumatic OA, in whom targeted prevention strategies will be most effective.
Limitations do exist within the present study. Sample sizes are limited at each time point. The small sample size likely resulted in group differences that demonstrated large effect sizes but lacked statistical significance. Caution must be demonstrated in drawing firm conclusions from effect sizes when statistically significant group differences are not present, which warrants future study with the use of a larger sample. Further, some subjects were not tested at all time points, limiting further longitudinal analysis and chronological conclusions regarding loading patterns. Despite these limitations, it is important to note that this study is the first of its kind to demonstrate a link between altered movement patterns and radiographic evidence of knee OA after ACL injury. Further work is necessary to determine whether the presence of knee OA and altered knee joint biomechanics after ACL injury is also related to altered mechanics at the hip and ankle.
CONCLUSION
Patients with radiographic knee OA at 5 years after ACLR walked with lower knee adduction moments and medial compartment joint contact forces in the involved limb than did patients without OA early after injury and reconstruction. Knee joint loading became more similar between the groups at 1 year after ACLR. The time span between injury and 2 years after ACLR may represent a critical period during which articular cartilage health is highly sensitive to joint unloading and cartilage deconditioning. Further work is needed to determine effective rehabilitation strategies to both identify and amend these altered loading patterns associated with early-onset knee OA; in addition, research is needed to evaluate whether loading strategies differ greater than 2 years after ACLR between those who do and do not go on to develop radiographic knee OA.
